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ABSTRACT

Power flow in the ELMO Bumpy Torus [Plasma Physics and Controlled Nuclear
Fuston Research (Tokyo, 1974) (IAEA, Vienna, 1975) Vol. 2, p. 141; Plasma Phys.
25, 597 (1983)] was investigated by measuring the power received by a limiter.
Selective removal of heating power from various cavities, including the cavity
with the limiter, has demonstrated that the majority of the power is lost locally.
Observations of the potential structure demonstrate that asymmetric potential

contours are present which can lead to enhanced plasma loss.






I. INTRODUCTION

A knowledge of power flow is of fundamental importance in understanding the
performance of any plasma confinement system. Quantitative information about
the various forms of power loss is essential in determining power balance. This
information is also useful in evaluating the transport processes that affect plasma
confinement.

Power flow in the ELMO Bumpy Torus (EBT)' was investigated by measuring
the power received by a limiter for a number of heating configurations. These
experiments have served to distinguish between the power which is lost locally, in a
single sector of EBT, and that which propagates toroidally around the device. The
majority of the power delivered to the plasma is lost locally, with the remainder
distributed toroidally. The experimental evidence for the division of the power into
these two categories is presented in Sec. 1I.

There are several possible causes for the preponderance of local loss, and these
are listed in Sec. III, which is a discussion of the effects that could lead to the ob-
served dominance of local power loss. Although it is not possible to determine the
principal cause, the electric field can be a major contributor. This can result in di-
rect loss by convection, or E x B drifts, as well as enhancing the diffusive loss. These
conclusions rely on measurements using a heavy-ion beam probe (HIBP).2 Devel-
opment of this probe has resulted in detailed two-dimensional potential contours.?
The effect of these potential distributions on equilibrium? and confinement® has

been considered, and this paper treats the effects on power flow.

II. LIMITER EXPERIMENTS

The EBT device®?’ consists of 24 cavities, as shown in Fig. 1. The labeling
convention and a few of the diagnostic locations are shown in this figure. A pair
of movable limiters (inboard and outboard) were installed in cavity S3 and were

instrumented to measure the power received. The power measured by the limiters
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Fig. 1. Locations of some of the diagnostics on EBT-Scale.

is due to the plasma flux, and is insensitive to the radiated power, owing to the
small solid angle subtended by the limiters. Radiated power can be a significant
contribution to the power balance®, particularly at the higher neutral densities.
The experiments described here used two different heating frequencies: 18 and
28 GHz. At 28 GHz, up to 200 kW is available from a gyrotron power source. This
power enters a toroidal manifold (not shown in the figure) for distribution to each
of the cavities, so the power distribution is fixed and not subject to experimental
control. Typically, the magnetic field is 0.725 T when operating at 28 GHz. At
18 GHz, the power available is less (~50 kW) but the degree of experimental control
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is greatei‘. A set of four klystrons feeds a distribution system, with individual feeds
and controls for each cavity. At this frequency, the central magnetic field is 0.5 T.

The operating positions of the limiters within S3 {shown in Fig. 2) are just
outside the projection, along magnetic field lines, of the hot electron ring. Since
the two limiters lie in the same plane, one cannot be inserted beyond its operating
position if the other one is at its operating position. When the limiters are at
their respective operating positions, the outer limiter receives roughly twice the
power of the inner limiter. The difference is due to the relative positions of the
two limiters: the inside limiter is just outside the flux line which grazes the mirror
throat, the outer limiter is 3 cm inside the corresponding grazing flux line. This

power difference was confirmed in a series of experiments in which the ratio was
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Fig. 2. Locations of the inner and outer limiters in an EBT cavity.



shown to be 2.5 + 0.3 over a range of pressure and power. This ratio is important
to the ensuing discussion because, for many of the experiments, only the power to
the outer limiter was measured. The inner limiter power was estimated from this
ratio.

The ability to control power distribution with the 18-GHz source was utilized
in another series of experiments, where the outer limiter power was monitored as
the microwave power to individual cavities was turned off. These data are shown
in Fig. 3, where limiter power is plotted as a function of the cavity position where
the microwave power is removed. The various curves in the figure are for different
values of the ambient neutral pressure. As noted above, the fact that the magnitude
of the limiter power is lowest at the highest pressure is due to the larger radiated
power there, leaving less power for the plasma flux which strikes the limiter. At the
extreme left of each curve, the power is plotted for the case when all cavities are fed.
This figure shows that the limiter power is independent of the cavity position where
the microwave power is removed, unless the microwave power is removed from the
cavity where the limiter is located, when an additional power decrement is noted.
These data suggest that the limiter power could be divided into two categories—
locally lost power and that which travels around the torus. As mentioned previously,
the inner limiter power was not measured in these experiments. To take that power
into account, the outer limiter power is increased by 1/2.5 or 40%. The outer power

can be expressed as

P(outer) = 1—12 Z P;(tor) + P(local) , (1)

1
2x1.4

where P;(tor) is the microwave power absorbed in cavity 7 and which travels
toroidally and Pf{local) is the microwave power absorbed per cavity which is lost
without propagating around the torus. The factor of one-half that multiplies
P(local) in Eq. (1) reflects the assumption that one-half of the locally lost power
flows to the side of the cavity where the limiter is located, and the other half flows

to the opposite side.
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Fig. 3. Power received on the outer limiter as the microwave feed to different
cavities is turned off. The limiter power when the microwave feed is into all of the
cavities is indicated at the extreme left. ‘

There is in Eq. (1) an implicit assumption that all of the power that flows
toroidally from each of the cavities will impinge on the limiter. The data of Fig. 3
can be used to verify that this is indeed the case. The toroidal contribution to the
limiter power can be written more explicitly in Eq. (2), where the factor of one-half
reflects the fact that half of the toroidal power flows in each direction around the

torus:

Piimtor = 5 3 Pi(tor) {exp(~ 1 — ile) + exp(~[24 ~ (1 = )[a)} . (2]

The summation is over 7, where ¢ is an index denoting the cavity number. The

limiter is located in cavity 1, and « is the attenuation factor for the toroidal



power, expressed in reciprocal cavity numbers. This factor (a) is proportional
to the perpendicular-to-parallel conductivity ratio, and so is expected to be small.

The value of a can be determined, in principle, from the slope of the curves in
Fig. 3. Although the curves are drawn with a slope of zero, it is possible to estimate
the largest slope of the line that is consistent with the data. This estimate leads
to an «a value of <3 x 1073, A separate determination of « led to an a value of
<7 x 1073, In that experiment the power was measured on a Faraday shield for
an ion cyclotron resonance heating (ICRH) antenna® as the limiter was inserted to
intersect the field lines leading to the Faraday shield.

With such a small value for the attenuation factor, it is possible to pass to the
limit & = O with little error, and then Eq. (1) is a valid expression for the power
received by the limiter. Figure 3 can then be analyzed to determine the relative
amount of power lost locally. In describing this analysis it is useful to define some
guantities:

P,4 is the power received by the limiter when all 24 cavities are fed (represented by

the points at the extreme left in Fig. 3).

P,3 is the power received by the limiter when the power is removed from a cavity
that does not contain the limiter (represented by the straight lines in the figure).
Py, is the power received by the limiter when the power is removed from the limiter

cavity (the lowest point on each of the curves).

Then
Pi(tOI‘) = (P24 - P23) x 1.4

P(local) = (Py3 — P.) X 2 x 1.4
f(local) = P(local)/[Pi(tor) + P{local}]

The analysis is summarized in Table I, which shows that more than half the power
in each cavity is lost locally and does not travel toroidally. These data show that
the local fraction increases at the lowest pressure. This increase may be due to the

formation of two populations of low pressure which should lose their energy locally:



TABLE I. Local loss fraction calculated from Fig. 3

Pressure

(torr) Py Py P  Pitor) P(local) f(local)
70x107% 12.1 11.6 11.0 0.7 1.6 0.69
1.0x 107% 13.1 124 120 0.9 1.0 0.53
1.7 x 107% 109 104 10.1 0.7 0.6 0.45
3.3x10°% 73 70 68 04 0.4 0.52

Average = 0.55 1+ 0.10

hot and warm electrons. The hot electrons, which form a ring, are primarily lost
by small angle scattering, and so tend to be wiped off on the limiters before they
can scatter into the passing particle population. The warm electrons, which are a
“seed” population for the hot electrons, are heated near the mirrors. As discussed
in Sec. III.C, this heating process results in an enhanced local power loss.

The previous discussion is based on the assumption that there are only two loss
channels for the power introduced into a cavity: into plasma which is either lost
locally or which travels toroidally. There is, howevér, another loss channel that
has beeh neglected. Some of the power can “leak” into the adjacent cavity before
being absorbed. In geheral, this leakage power is small, but under some conditions
it can be as much as 20%.!° Leakage at that level would increase the local fraction
calculated in the table to 0.6 1 0.1.

This analysis utilized the flexibility of the 18-GHz microwave distribution system
to make measurements of the relative powers to the limiters as the feed to selected
cavities, including the limiter cavity, was turned off. The absolute limiter power
was not determined for these experiments. However, some measurements were made
with 28-GHz power, where the opposite situation occurred: absolute limiter power
determinations were made, but it was not possible to turn off the power to individual
cavities. If one estimates the local power loss fraction from the ratio of the limiter to
absorbed power for the 28-GHz experiments, then one obtains a locally lost fraction

of ~75%, so the local power loss is dominant for that case as well.



III. DISCUSSION

As demonstrated in Table I, more than half the power absorbed in each cavity is
lost locally and does not travel toroidally. The question naturally arises as to how
this fraction compares with that expected. In this section several estimates of the
local fraction will be made. Each of the estimates has an aspect which makes it of
questionable applicability, but each shows that the local loss should be dominant.
The estimates include effects of single particle confinement (A and B), of heating
near the loss region (C), and of electric field enhancement of both diffusive and
convective losses (D). Although each of these may contribute, electric field effects

are clearly important.

A. Trapped particle fraction

For an isotropic distribution the trapped particle fraction is given by

n¢ 1

LA

n vM

which is 0.73 for a mirror ratio (M) of 1.9, the on-axis value for EBT. If the loss
rates for the trapped and passing populations were the same, then one would expect
~73% of the power to be lost locally. One would expect the two rates to be the same
if the cohﬁnement were dominated by convection, or E x B drifts, as discussed in
Sec. IIL.D.

This gives a questionable estimate for the local power fraction because the EBT
plasma is known to have a non-Maxwellian energy distribution in which the higher

energy portion is anisotropic.

B. Vacunum field drift orbits

Drift orbits have been calculated for the magnetic fields of EBT by finding the
surfaces of the invariant J(= [ v)dl). These surfaces, and therefore the drift orbits,

differ for different pitch angles. The drift orbits for small pitch angles are nearly



circular, while those for larger pitch angles become elongated and many of them
intersect the walls at the coil throats. Thus the confinement for these particles
is poorer than for those with small pitch angles. To make this comparison of the
confinement properties more quantitative, a “volumetric efficiency” is defined as
the ratio of the area of the largest drift orbit that does not hit the wall to the
area of the projection of the coil throat. This quantity is shown as a function of
pitch angle in Fig. 4. The fraction of the plasma cross section is much smaller
for passing particles than for trapped particles, but that available for transitional

particles (between trapped and passing) is smaller yet.
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This indicates that, of the power absorbed by the plasma, only that absorbed
near the center has a chance of propagating toroidally, for near the center is the only
region where passing particles can exist. For the situation appropriate to Fig. 4,
fewer than 30% of the passing particles qualify.

This estimate has two serious problems. First, there is no assurance that the
incident power is absorbed uniformly over the plasma cross section. Second, the
ambipolar electric field affects the confinement profoundly. The effect for high
energy particles (e¢/kT < 1) is negligible; for low energy particles (e¢/kT > 1)
it is the dominant effect. Thus, it is important to know both where the power is
absorbed and which energy group receives the power.

The effects on confinement properties for a symmetric potential (ad hoc) have
been reported by Fujiwara et al.!! For kT /e¢ < 4, the confinement for both elec-
trons and ions is improved, with the result that the 30% value for passing particles
mentioned above increases to ~50%. The effects for an asymmetric potential have
not been investigated in the same detail, but they are likely to reduce the region

available to passing particles still further.

C. Microwave power absorption

Some recent calculations by Batchelor!? have led to a better understanding
of the spatial distribution of the power absorbed as well as the principal particle
groups that receive the power. Ray tracing techniques have demonstrated that the
microwave electric field strength reaches its maximum near the high field region
of the coil throats. Specifically, this maximum occurs where the field strength is
greater than the resonance value.

The particles that absorb the power, then, are those for which the Doppler
shifted resonance is valid: w = w. + kjv). This requires that (1) the particles
go beyond the resonant surface and penetrate into the throat region and (2) the
particles’ energy be high so that the Doppler shift (kjv)) is large. As noted above,

the particles that turn near the mirror throat are the most poorly confined, so
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this heating method is particularly inefficient. This evaluation relies on magnetic
confinement, so electric field effects have not been included. The calculation could
be expected to be valid near the center of the plasma, where the potential contours
are closed and convective effects do not lead to losses. In that region, roughly half

the power absorbed could be quickly lost by poorly confined particles.!3

D. Electric field effects

As noted previously, the electric field can be the dominant influence on par-
ticle motion at low energies. As a result, the electric field—and particularly its
symmetry—will have a profound effect on confinement.!® Roughly, one can say
that the electric field effects become dominant when the E x B drifts exceed the
gradient drifts,

E T. T,

de 3
B kB & F & (3)

If the major radius R is chosen to be 1.5 m, then the critical field is 33 V/m

for a 50-eV population. In fact, it is the asymmetric part of the electric field which
must exceed this value, since the purely radial component only results in a poloidal
drift.

The dominance of the electric field is clearly obvious in the high neutral pressure
regime known as the C-mode. The potential distribution as determined by HIBP
is shown in Fig. 5 for this regime. In this case the electric field is certainly not
cylindrically symmetric. The nearly horizontal equipo{:ential surfaces are equivalent
to a vertical electric field, which is the classic result of toroidal confinement in
a device without rotational transform. The equipotential surfaces also represent
streamlines for plasma flow due to the E x B drift. The plasma lifetime due to this
flow can be estimated as r = aB/E. For an average magnetic field (B) of 0.75 T,
a characteristic plasma size (a) of 0.12 m, and an electric field (E£) of 1500 V/m,
a lifetime of 60 us results, which agrees well with the ionization time for these
conditions. Since this loss rate is even more rapid than that due to Bohm diffusion,

the contention that the electric field dominates the confinement is well founded.
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Fig. 5. EBT potential distribution, as determined by heavy ion beam probing,

in the C-mode.

The topology of the potential contours changes significantly as the neutral pres-
sure is reduced®, as shown in Fig. 6. In this regime, known as the T-mode, the
potential has a symmetric plus an asymmetric component, such that the asymme-
try results in a horizontal electric field.

The asymmetry is made more apparent by plotting the potential along the
horizontal midplane, as shown in Fig. 7. The potential is greater on the inside
of the device than on the outside, so a net horizontal electric field results, with a
magnitude of ~500 V/m. Using the criterion of Eq. (3), this horizontal field will

have a dominant effect on particles of less than 750 eV, which certainly constitute

the bulk of the plasma, for which 7, < 100 eV .15

As discussed previously, the electric field leads to convective losses (E x B) in

the C-mode. Convection is also an important loss in the T-mode because the closed
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Fig. 6. EBT potential distribution in the T-mode.

potential surfaces occur only near the plasma center. In the outer regions, which
constitute the bulk (~70%) of the plasma, the potential surfaces are open so that
plasma f:an flow along those surfaces to the wall.
One can also expect that diffusive losses will be strongly affected by the electric
field, since the diffusion coefficient directly involves the vertical drifts:
D ~ —1/—2—_%65 (vy)2 , (4)
and

vy = vyp + UmyxB + VB ()
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where v is the collision frequency, 1 is the precessional frequency (E x B and V B),
vy is the vertical drift velocity, Ey, is the electric field horizontal component, and
6B is the error field.

In the notation of Eq. (5) the horizontal component of the electric field enters
explicitly. Since the electric field term can be as much as an order of magnitude
greater than the gradient drift term, one might expect the diffusive losses to be two
orders greater than the neoclassical values. The neoclassical lifetime!®!7 is expected
to be ~10 ms, so the horizontal electric field effects could reduce the actual lifetime

to ~100 us.
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The third term on the right of Eq. (5) is due to field errors:
VsB = V|5 (6)

where v} is the velocity parallel to the magnetic field line.

The effects of the field errors on the diffusive losses should be either negligible
or dominant depending on whether vsg is less than or greater than vy, «n. For a
50-eV plasma and E,, = 500 V/m, the critical error field level is §B/B = 1.6 x 1074,
Figure 8 shows the power received by the limiter as the field error level is varied,
using a pair of coils outside the vacuum vessel. Little change in the limiter power
occurs as a vertical error field is applied, with current through a horizontal coil
pair. However, changes in the limiter power are seen when the horizontal field error
reaches a value ~10~*, which agrees with the discussion above.

A Monte Carlo calculation!® of the confinement properties of the bumpy torus
has reinforced concern about the deleterious effects of asymmetric potential struc-

tures. In that calculation the potential was chosen to be (1) constant on surfaces of
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constant [ dl/B, so that it had the same symmetry as those surfaces, or (2) distorted
from that basic configuration by a cos © perturbation of controllable amplitude.
When the perturbation vanished the calculated lifetime was just the neoclassial
value. When the perturbation was increased to the level of the actual potential
asymmetry, the particles were lost about 100 times faster. The results are shown in
Fig. 9. The potential structure and the plasma distribution are shown in Fig. 9a for
a symmetric potential and in Fig. 9b for the asymmetric case, which is close to the
experimental distribution. It should be noted that the actual potential structure is
centered further out than the minimum of the f dl/B surfaces, so the simulation
is not entirely realistic. The effects of the asymmetry, however, are striking and
consistent with the discussion above.

There are two possible explanations for the asymmetry of the potential struc-
ture. One'® is that the asymmetry of the drift orbits, particularly of the transitional
particles, results in an asymmetric population of warm electrons. These warm elec-
trons determine the potential structure, which must then necessarily be asymmet-

ric. The second explanation*20:2!

is that a horizontal electric field is required to
give the force balance for equilibrium in a toroidal device without rotational trans-
form. These two have very different consequences for future devices. If the first is
correct, then drift orbit symmetrization, as achieved by the design of the ELMO
Bumpy Square (EBS) device,!® would result in symmetrization of the potential and
much better confinement. If the second is valid, then a horizontal electric field is
a necessary consequence of toroidal closure of the magnetic field lines, and little

improvement in confinement could be expected for a device with more symmetric

drift orbits.

IV. CONCLUSIONS

A pair of movable limiters in one sector of EBT has permitted a determination

of the fraction of the absorbed power that is lost locally. This fraction, ~60%,
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Fig. 9. Results of a Monte Carlo calculation of the effects of the potential struc-
ture. The potential structure is shown at the left, and a series of “snapshots” of the
particle locations is superimposed on the right. (a) A symmetric case. (b} Results
for an asymmetric potential, which simulates the experimental observations.
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is approximately equal to that expected from several estimates. In each of these

estimates the electric field plays a critical role.

(1)

To relate the local power loss fraction to the trapped particle fraction, one has
to assume that the loss rates for the trapped and passing particles are the same.
This would be the case if the confinement were dominated by convection or by
diffusion.

The vacuum drift orbits are profoundly affected by the electric field. The fraction
of the plasma cross section available to passing particles is about 30% for the
case with no electric field effects. With an electric field, low energy particles
(E < e¢, which constitute the bulk of the plasma) are constrained to drift along
equipotential surfaces. Those surfaces are closed in only about the central 25%
of the plasma cross section.

The estimates of the power loss caused by heating particles near the loss cone
are only valid for the region where the equipotential surfaces are closed (25% of

the plasma cross section).

Thus, for several reasons it is clear that the dominant contribution to power

loss in EBT is due to the asymmetric electric field, which results in convection in

the outer region, and can also enhance diffusive losses in the central region. As a

result, the lifetime is shorter than the neoclassical value.
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